Background: Direct oral anticoagulants (DOACs) are administered at fixed dose. The
| INTRODUC TI ON
Currently, DOACs represent the first-line treatment in two clinical conditions: the prevention of stroke and systemic embolism in patients with NVAF and the treatment/prevention of venous thromboembolism. 1 Available DOACs for NVAF and venous thromboembolism include dabigatran, a selective anti-factor IIa molecule, and three direct anti-factor Xa inhibitors: apixaban, edoxaban, and rivaroxaban.
The DOACs' pharmacological characteristics, together with the assumed predictable dose-response, led to the indication of fixed dose administration without dose adjustment based on laboratory testing, 1 the latter being recommended only in special situations. 1 The choice of DOAC dosage is based on the evaluation of clinical indications (NVAF, venous thromboembolism), patient characteristics (age, gender, body weight, concomitant administration of potentially interfering drugs), and renal and liver function, assuming that drug anticoagulant effect is prevalently controlled by these conditions.
Nevertheless, a high interindividual variability in the drug blood levels was shown with all DOACs, and post hoc analyses of phase III trials showed an association between DOAC plasma levels and thrombotic and bleeding complications during follow up. [2] [3] [4] [5] [6] [7] [8] [9] Moreover, phase IV clinical trials have shown a higher interindividual variability if compared with phase III studies, confirming that real world patients differ from the selected populations enrolled in randomized trials. [5] [6] [7] [8] [9] Recently, we reported results of an observational study showing a relationship between low C-trough DOAC levels and the occurrence of thrombotic events in NVAF patients, particularly in patients with higher cardiovascular risk. That study supported the concept of assessing the anticoagulant DOAC levels at the C-trough steady state as a tool to optimize dosages of anticoagulation in NVAF patients. 10, 11 In the present study we analyzed the same patient population aiming at assessing a possible relationship between DOAC C-trough and/or C-peak levels, measured at steady state within the first month of treatment, and the bleeding events occurring during 1-year follow up after the day of blood sampling.
| ME THODS

| Patients
This study was performed within the frame of activity of the START Laboratory Register, a branch of the START2-Register (Survey on anTicoagulatedpAtientsRegisTer) (NCT 02219984), supported by the Arianna Anticoagulazione Foundation (Bologna, Italy). 12 The study is an observational, multicenter study in patients with NVAF treated by the national health system were dabigatran, rivaroxaban, and apixaban.
The criteria for inclusion in the study and the characteristics of the investigated patient population (565 consecutive naive patients with NVAF) are detailed elsewhere. All bleeding and thromboembolic complications were recorded for 1 year of follow-up,which started the day of blood sampling and lasted 1 year, or less if the drug dosing was changed, or treatment was stopped, or switched to a different drug, or major bleeding or thrombotic events occurred. Results on thromboembolic complications had already been reported. 13 In this study, we report data on the relationship between the measured DOAC anticoagulant levels and the bleeding complications occurring during follow-up. 
Essentials
• Currently, DOACs are given at fixed doses and do not require laboratory monitoring.
• Direct oral anticoagulant-specific measurements were performed at trough and peak.
• Patients who developed bleeding events showed higher DOAC plasma levels at peak.
• This study suggests the need of a more accurate DOAC dose assessment.
red cells. 14 The CRNMB was defined as any overt bleeding requiring a medical intervention (hospitalization, surgery or interventional procedure, further diagnostic imaging, laboratory test, or specialist evaluation) and/or treatment discontinuation, and not meeting any of the criteria for major bleeding. 15 Minor bleeding was defined as any overt bleeding that was reported by the patients to the anticoagulation clinic and that did not require medical interventions.
All bleeding events were adjudicated by the local investigators on the basis of clinical signs and symptoms combined with objectively confirmed diagnostic radiology (magnetic resonance imaging, computed tomography, ultrasound investigation) or laboratory tests.
| Laboratory assays
Blood samples for 565 patients were collected within the first 15 to 25 days of treatment. Trough samples were obtained at 12 h from the last dose intake for dabigatran and apixaban, and at 24 h for rivaroxaban. Peak samples were collected in the same morning of trough samples; after trough sampling, patients had breakfast and assumed the drug; then waited 2 h in the outpatient clinic or went back to it to have peak sampling. However, some patients refused to wait in the outpatient clinic or to return to it in the same morning to have the second blood sampling for C-peak; in most cases they cited personal or family commitments for the refusal. This was the reason why only 411 peak samples were available for the study. have previously demonstrated good performance. [16] [17] [18] Diluted thrombin time or anti-FIIa, calibrated for dabigatran, and specific anti-FXa assays calibrated for apixaban and rivaroxaban [16] [17] [18] were used to measure DOAC plasma levels. All tests were performed locally, within 3 months of plasma collection, using Stago (Asnieressur-Seine, France), Hyphen (Neuilly-sur Oise, France), and Siemens (Marburg, Germany) reagents on STA R (Stago, France) and CA 7000 (Siemens, Germany), according to manufacturer's indications as previously described. 9 The limits of quantification (LOQ ), as reported elsewhere, 13 were evaluated retesting a pooled normal plasma 10 times with each assay. Raw data, expressed as seconds or OD/min (Y1, Y2, …),were used to calculate the standard deviation (SD). Then, raw data were for each test from the LOQ to the highest measurement value was divided into four equal interval classes and the patient results were distributed among these classes, ranging from that with the lowest (class I) to that with the highest levels (class IV).
The individual measured DOAC levels were also analyzed in relation to the expected plasma concentrations after therapeutic doses for each drug, as reported by Douxfils et al 19 ; the results were then distributed among the high, normal, and low responders (above, within, or below the expected concentrations, respectively).
| Statistical analysis
Descriptive analysis was performed. Continuous variables are expressed as mean and SD or median and range. Categorical variables are expressed as frequencies and percentages. 
| Ethics
The study protocol of the START-Registry was approved by the local ethics committees and was conducted in accordance with the Declaration of Helsinki.
| RE SULTS
The flowchart of the study and of investigated patients is shown in Figure 1 . The main clinical characteristics of patients, detailed for each DOAC used, are shown in Table 1 .
Median age was 80 years and was not different among patients The DOAC anticoagulant levels (median [min-max]) measured at C-trough (n = 565) or at C-peak (n = 411) are shown in Table 2 .
The total interindividual variability, expressed as overall CV%, was 64.4% for dabigatran, 86.4% for rivaroxaban, and 58% for apixaban. Figure 2 shows the individual DOAC levels measured at C-peak distributed within the four classes of anticoagulant activity (the results obtained at C-trough are shown in Figure S1 ). We performed univariate and multivariate analyses for the risk of bleeding complications comparing the patients with C-peak levels in the lowest level (Class I) versus those with concentrations in the higher levels (Classes II-III-IV) and according to whether the CHA2DS2VASc or HASBLED scores indicated low or high risk. As can be seen in Table 3 , only the C-peak levels in the higher classes were associated with an increased risk of bleeding at multivariate analysis (odds ratio 2.7; 95% confidence interval: 1.3 to 5.4). Detailed results of analyses for all the investigated characteristics are reported in Table S1 .
When the individual DOAC levels were also analyzed in relation to the expected plasma concentrations after therapeutic doses for each drug, 19 the C-peak levels of patients with bleeding events were more prevalent among the high responders (19.5%) than in the sum of normal plus low responders (11.1%, P = .046), whereas no difference was detected when C-trough levels were considered (Table 4) . Using normalized dosage results (Figure 3 ), only the C-peak median levels were higher in patients with bleeding complications than in those without bleeding complications (p = .003).
| D ISCUSS I ON
The DOACs are currently administered at fixed doses without the need for laboratory testing and dose adjustments, except in some special clinical conditions. [20] [21] [22] [23] However, a high interindividual variability in drug plasma levels has been shown with all DOACs and an association between plasma levels and major events had been highlighted by FDA reports on DOAC phase III clinical studies.
2-4
As for any anticoagulant drug, major bleeding complications may also occur during treatment with DOACs, accounting for nearly 3% patient-years. 24 Consequently, efforts aimed at increasing efficacy/ safety should be devoted to improving patients' health. 25 Recently, we reported on the significant relationship between low drug levels and thrombotic complication in NVAF patients followed for 1 year after DOAC testing at steady state at the beginning of treatment. 13 The risk of thrombotic events during follow-up was higher in patients at high cardiovascular risk who had low DOAC anticoagulant levels measured at C-trough. These results support the concept that a "good anticoagulation level" is necessary for effective protection from cardiovascular complications, especially in those patients at high risk.
The present observational study was conducted on the same NVAF patient population and using the same plasma samples. The study aimed at assessing the possible relationship between the Ctrough or C-peak anticoagulant levels, measured nearly at the beginning of treatment, and the occurrence of bleeding events during 1-year follow-up after blood sampling. We found a significantly higher prevalence of patients with bleeding events among those patients who had high C-peak anticoagulant levels than those with the lowest C-peak values. Furthermore, the C-peak results, normalized for the median peak result of the corresponding DOAC, were significantly higher in patients with than without bleeding complications.
Finally, patients with bleeding events were more prevalent among those who can be considered high responders after therapeutic doses of each drug (as proposed by Douxfils et al) 19 than among those normal or low responders. In contrast, the C-trough results did not show any relationship with occurrence of bleeding events (Table 3 , Figure S1 ); however, we cannot exclude that these negative results may also be imputed to the relatively low number of patients examined. Unfortunately, specific DOAC measurements at the time of bleeding events were not available. The value of C-trough and Cpeak, as already observed in some patient populations treated with low-molecular-weight heparins, 2-4 could be related to thromboembolic or bleeding risk, respectively.
In this study, all the bleeding events (MB, NMCRB, MinB) have been evaluated regardless of their clinical importance. The inclusion of MinB may be questioned due to their low clinical relevance.
However, they may have emotional impact and may affect the quality of life of treated patients. It may be expected that their occurrence would be influenced by the intensity of anticoagulant activity.
We included in this evaluation not only spontaneous but also posttraumatic hemorrhages. Although the occurrence of the latter is associated with trauma, the intensity of anticoagulation at the time of TA B L E 2 DOAC anticoagulant levels measured at C-trough and C-peak; types and sites of bleeding events occurring during 1 year of follow-up trauma may affect the severity and duration of bleeding. No difference was found in the C-trough or C-peak levels between patients who had spontaneous or posttraumatic hemorrhages.
It is well known that some patients may have considerable risk of bleeding that is independent of anticoagulation, owing to various conditions such as age, comorbidities, comedications, renal function, and others. 2, 4 We, therefore, looked at other possible causes of differences between patients with/without bleeding complications; only C-peak levels were associated with a higher odds ratio for bleeding occurrence at multivariate analysis (odds ratio [95% confidence interval) 2.7 [1.3 to 5.4]), whereas other characteristics (e.g., CHA 2 DS 2 VASc or HAS-BLED scores, age, gender, and renal function) were not.
An important question arises from the analysis of the results of our two studies conducted on this NVAF patient population. On one hand, we observed a significant relationship between the lowest C-trough DOAC plasma levels and the occurrence of thrombotic complications. On the other hand, we observed a significant association of C-peak values with bleeding events. Both these findings are reasonable since they are intrinsically related to the action of F I G U R E 2 Distribution of dabigatran, rivaroxaban, or apixaban plasma levels measured at peak into the four classes of drug levels, determined from the limit of quantification (LOQ) to the highest concentration. Filled and empty circles identify patients with bleeding events or none, respectively 26 In our opinion, similar efforts for DOACs are still lacking. Altogether, the results of our two studies suggest that relatively higher DOAC levels at trough and relatively lower levels at peak would be the optimal solution to spare thrombotic and also bleeding complications. This would imply an effort to establish a more accurate therapeutic dosing to be related with the variability of treating patients.
We recognize that both the present and the previous study have important limitations. First and most importantly, the numbers of patients included in the two studies and the outcomes recorded were relatively small and insufficient to draw definitive conclusions; moreover, some C-peak results were lacking. Second, DOAC levels were measured only once at the steady state after the beginning of anticoagulant treatment and not close to the adverse events.
Furthermore, changes in the drug levels during the observation period should also be taken into account, because of the intraindividual variability of drug plasma concentrations, which has been reported around 20%. 9 Finally, as observed by some observational studies, 27 adherence to treatment and its persistence during time F I G U R E 3 Results of normalized anticoagulant median levels assessed at C-trough and C-peak times for all DOAC drug patients with/without bleeding complications. To make the observations for different DOACs comparable, the results obtained in patients treated with different drugs were divided for the median value calculated for the corresponding molecule. DOAC, direct oral anticoagulant No Bleeds Bleeds Normalized measured median anticoagulant levels may be a problem for therapy with DOACs. We cannot exclude that adherence problems may have influenced our results; however, it has been shown that adherence may be improved when patients are adequately monitored, 28 as was the case in our study. For all these reasons, our studies should only be considered as preliminary observations.
In conclusion, the present study showed that the prevalence of NVAF patients with bleeding complications during treatment with DOACs was significantly higher among those who had higher C-peak anticoagulant levels. The present and the previous study, carried out on the same cohort of patients, 13 seem to indicate that a more accurate definition of an optimal therapeutic window for DOACs in NVAF patients may contribute to increase efficacy and safety of these treatments. However, we want to point out that our studies do Palareti: final manuscript preparation.
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